Evidence for the participation of the glutamine transaminase-cu-amidase pathway and a glutaminase in the utilization of glutamine in Rhizobium etli has been obtained. The glutamine transaminase preferentially transaminates glyoxylate and pyruvate. Glutamine transaminase activity was similar under all growth conditions tested except on PY (rich medium) where it was low. Glutaminase activity was positively regulated by glutamine and negatively regulated by ammonium and by the carbon source. In R. etli bacteroids, glutamine transaminase was low, whereas glutaminase activity was high. Ammonium liberated from glutamine was assimilated by glutamine synthase, thus leading to the operation of a glutamine cycle that consumes ATP. Our results suggest that glutamine transaminase plays a biosynthetic role in the irreversible synthesis of glycine and alanine, whereas glutaminase plays a catabolic role in the degradation of glutamine to carbon skeletons and to maintain the optimal balance between glutamine and glutamate. The high glutaminase activity found in bacteroids indicates that the degradation of glutamine by this enzyme may play an important role during symbiosis between R. etli and Phaseolus wlgaris.
INTRODUCTION
Glutamine is the final product of ammonium assimilation and is a nitrogen donor for biosynthetic reactions (Stadtman, 1973) . It has been proposed as the nitrogen metabolite responsible for nitrogen catabolite repression in several micro-organisms (Halpern, 1988) and consequently glutamine has a central role in nitrogen metabolism.
Glutamine is synthesized by glutamine synthase (GS) from ammonium and glutamate. In Rhizobia, ammonium assimilation proceeds mainly through the GS-glutamate synthase pathway (Bravo & Mora, 1988) . The family Rhixobiaceae, which includes genera such as Rhixobinm, Bra&rbixobizcm and Agrobacteriztm is distinct from other bacteria in that its members have at least two forms of GS (Darrow & Knotts, 1977; Fuchs & Keister, 1980; Kumar & Rao, 1986; Tsupurun e t al., 1987) with the exception of Axorhixobinm cadinodans (Donald & Ludwig, 1984) . The form termed GSI is structurally and enzymically typical of prokaryotic GSs, its activity is post-translationally regulated by reversible adenylylation and it appears to be synthesized constitutively (Bravo & Mora, 1988 ; Rossi e t al., 1989) . In contrast, GSII is distinct from all other known prokaryotic GSs and is not subject to adenylylation; GSII levels are dependent on the nitrogen source present in the medium and it is not expressed in either n t r A or ntrC mutants (Bravo & Mora, 1988; de Bruijn e t al., 1989; Martin e t al., 1988; Rossbach e t al., 1987; Rossi etal., 1989; Shaters etal., 1989) . A third locus, calledglnT, that encodes a GSIII has been identified in R. meliloti, Agrobacterinm tnme faciens and R. legnminosarnm bv. phaseoli (Chiurazzi e t al., 1992; de Bruijn e t al., 1989; Espin et al., 1990; Shaters et al., 1993) .
Although glutamine synthesis has been studied in Rhixobizrm, glutamine degradation has been scarcely studied, despite the fact that the intracellular glutamine concentration is the result of its synthesis and degradation. Taking into account the importance of glutamine metab-589 0001-9469 0 1995 SGM olism, we decided to study the degradation of glutamine in Rhixobim etli, a bacterium that establishes symbiosis with Phaseoltrs vzdgaris (bean) (Segovia e t al., 1993) .
Evidence for the operation of the glutamine transaminase-cu-amidase pathway in mammalian cells has been amply documented by . In this pathway, glutamine is transaminated to yield different amino acids and 2-oxoglutaramate through the participation of a glutamine transaminase; subsequently, the 2-oxoglutaramate is hydrolysed to 2-oxoglutarate and ammonium by the action of an cu-amidase. There are three separate forms of glutamine transaminase in rat tissues : (a) the soluble L-form (liver) whose major substrates include glutamine, methionine, a-keto-y-methiolbutyrate, 2-oxoglutaramate, P-mercaptopyruvate and glyoxylate; (b) the soluble K-form (kidney) whose major substrates include glutamine, phenylalanine, methionine and the corresponding 2-0x0-acids ; and (c) the mitochondria1 Kform which differs from the soluble form with respect to certain physical properties (Cooper & Meister, 1981) . The presence of glutamine transaminase-cu-amidase has been reported in Nezrrospora crassa, Saccharomyes cerevisiae and Escherichia coli Soberon & Gonzilez, 1987 ; Osorio e t al., 1993) . In N. crassa the glutamine transaminase-co-amidase pathway has been found to participate in a glutamine cycle in which this amino acid is continually degraded and resynthesized .
Glutaminases catalyse the hydrolytic deamidation of Lglutamine resulting in the production of L-glutamate and ammonium. Two glutaminases have been detected in mammalian tissues : L-type glutaminase, which is found only in adult liver and is characterized by a relatively high K, for glutamine, a low K, for phosphate, activation by ammonia and lack of inhibition by glutamate; and K-type glutaminase, found in all other glutaminase-containing tissues, with a relatively low K, for glutamine, a high K, for phosphate and which is inhibited by glutamate. The glutaminases are the major enzymes responsible for glutamine breakdown in mammalian tissues (Smith & Watford, 1990) . Glutaminases have been detected in several bacterial genera (Hartman, 1971) and in bacteroids of Rhipbinm lzpini (Kretovich et al., 1981) but the best characterized glutaminases are those from E. coli, where two forms exist, glutaminase A and B (Prusiner, 1973) . Glutaminase A has a pH optimum of 5 and its activity is controlled by nitrogen metabolites and cyclic AMP. In contrast, glutaminase B is active above pH 7, its activity is microconstitutive and it is allosterically regulated by adenine nucleotides, divalent cations and carboxylic acids (Prusiner, 1973) . In this report we present evidence of the operation of the glutamine transaminase-o-amidase pathway and glutaminase in the degradation of glutamine in R. etli. We have also determined the 2-0x0-acid specificity of glutamine transaminase, the glutamine transaminase and glutaminase regulation, and their enzymic activities in bacteroids. In addition we found that when R. etli grows on glutamine plus succinate, the ammonium liberated from glutamine is assimilated by GS.
Strains. The Rhixobium etli CFN42 wild type strain, previously classified as Rhixobitlm leguminosarum bv. phaseoli, was used in this study (Segovia et al., 1993) .
Growth conditions. Batch cultures of R. etli were grown at 30 O C and shaken at 200 r.p.m. For growth on minimal medium (MM) (Beringer, 1974) , cells previously grown overnight on a rich medium (PY) containing 0.5 YO peptone, 0-3 Yo yeast extract and 0.07 M CaC1, were washed and used as inoculum. The initial optical density of the medium was adjusted to 0.05 at 540 nm. The nitrogen and carbon sources in MM were used at 10 mM, except for glycerol which was 2 % (v/v). Growth was monitored by measurement of the optical density at 540 nm and by protein determination using the Lowry method.
Determination of glutamine transaminase activity. Cell extracts were prepared by sonicating whole cells in extraction buffer (50 mM pyrophosphate, pH 8.5) with a Soniprep 150 ultrasonic disintegrator ; the homogenates were centrifuged for 2 min at room temperature in a microcentrifuge and dialysed for 2 h against extraction buffer at 4 "C. The activity was measured in a 0.5 ml reaction mixture containing 150 mM sodium borate (pH 8.5), 20 mM glutamine, 20 mM glyoxylate, 0.6 mM 6-diazo-5-0x0-norleucine (DON), 0.2 mM pyridoxal5-phosphate, and 0.1 ml cell extract. When glutamine transaminase activity was assayed with 2-0x0-acids different from glyoxylate, these were used at a concentration of 20 mM except for B-phenylpyruvate and imidazolepyruvate (both at 10 mM) and 3-indolepyruvate (at 5 mM). The formation of 2-oxoglutaramate was determined colorimetrically as described by Calderon et al. (1985) . The formation of glycine was determined with an Aminco Amino Acid Analyser and an Aminco Ratio Fluorimeter after coupling with o-phthalaldehyde (Calderon et al., 1985) .
Determination of o-amidase activity. Cell extracts were prepared in extraction buffer (50 mM Tris/HCl, 10 mM 2-mercaptoethanol) as described above. The activity was measured in a 1 ml reaction mixture containing 50 mM Tris/HCl, 1 mM 2-mercaptoethanol, pH 8.5, 10 mM 2-oxoglutaramate and 0-2 ml cell extract. The formation of 2-oxoglutarate and ammonium were determined as described by White (1970) .
Determination of glutaminase activity. Cell extracts were prepared in extraction buffer (100 mM KH,PO,, pH 8, for the colorimetric determination of ammonium, or 200 mM Tris/ HCl, pH 8, for the determination of glutamine and glutamate) as described above. Ammonium formation was assayed in a 0.25 ml reaction mixture containing 30 mM KH,PO,, pH 8, 5 mM glutamine and 0.05 ml cell extract. Ammonium formation was measured as described by Chaney & Marbach (1962) and White (1970) . The utilization of glutamine and the formation of glutamate was assayed in a 1 ml reaction mixture containing 40 mM Tris/HCl, pH 8,5 mM glutamine and 0.2 ml cell extract. Glutamine and glutamate were determined with an Aminco Amino Acid Analyser and an Aminco Ratio Fluorimeter after coupling with o-phthalaldehyde (Calderon e t al., 1985) .
Determination of GS activity. GS activity was assayed with cell extracts prepared by sonicating the cells in 10 mM imidazole hydrochloride and 0.5 mM EDTA (pH 7-0). GS was measured by its synthase activity as described by Bender e t al. (1977) . GSI and I1 were distinguished by their different heat stabilities for 1 h at 50 "C as described by Darrow & Knots (1977) .
Determination of glutamate synthase activity. Cell extracts were prepared in extraction buffer (100 mM KC1 and 0.5 YO 2-mercaptoethanol, pH 7-6) as described above. The activity was measured in a 1 ml reaction mixture containing 50 mM HEPES, 1 % (v/v) 2-mercaptoethanol, pH 8.5, 3-65 mM glutamine, 3 mM 2-oxoglutarate, 0.2 mM NADPH, and 0.1 ml cell extract. NADPH oxidation was determined spectrophotometrically at 340 nm at 30 "C (Bravo & Mora, 1988 .
Bacteroid isolation.
Bacteroids from root nodules of Phaseolus vulgaris were isolated utilizing self-generating Percoll gradients as described by Reibach et al. (1981) . A crude extract was prepared by gently crushing 6 g nodules with a mortar and pestle in 15 ml grinding buffer (150 mM NaCl and 50 mM KH,PO,, pH 7-6). The crude homogenate was filtered through four layers of cheesecloth and the residue washed with additional grinding buffer. The filtered crude extract was centrifuged for 5 min at 3000 r.p.m. (JA-20 fixed angle rotor, Beckman Instruments) for 3 min at 4 "C, the supernatant was centrifuged again for 15 min at 15000 r.p.m. and the pellet was resuspended in 2 ml grinding buffer. A 50 ml polycarbonate centrifuge tube was filled with 24.5 ml Percoll concentrate, 3.5 ml 500 mM KH,PO, plus 1.5 M NaC1, p H 7.6, and 7 ml H,O giving a final concentration of 70 O/ O (v/v) Percoll. One millilitre of extract was layered on the top of the gradient. The tube was centrifuged for 50 min at 20000 r.p.m. The bacteroids were collected by suction with a Pasteur pipette. Percoll was removed by diluting the bacteroid fraction 1 : 10 with 150 mM NaCl and 50 mM KH,PO,, pH 7.6, and centrifuged for 20 rnin at 15000 r.p.m. The pellet was resuspended in 2 ml extraction buffer.
RESULTS

Glutamine transaminase-m-amidase pathway
The stoichiometry of glutamine transaminase activity is shown in Table 1 . Transaminase was measured i n the presence of DON, a n inhibitor of w-amidase activity, which allows optimal accumulation o f 2-oxoglutaramate ( C a l d e r h et al., 1985) . The amounts of 2-oxoglutaramate a n d glycine formed in the complete assay were similar, a n d in the absence of either substrate, glutamine o r glyoxylate, neither 2-oxoglutaramate nor glycine were detected. The reaction was inhibited by (aminooxy)acetic acid (AOA), a specific inhibitor of transaminases, but DON did not have any effect on the activity. LMethionine-DL-sulfoximine (MS), a glutamine analogue and substrate of glutamine transaminases (Calderon et a/. , 1990; Griffith & Meister, 1978) , is also a substrate of the R. etli enzyme since the a m o u n t of 2-oxoglutaramate formed was reduced twofold, whereas the formation of glycine was similar when this c o m p o u n d was present in the reaction. In contrast, when glutamate was present in the reaction, the formation of glycine was the s u m of that formed when these amino acids were used separately, whereas the formation of 2-oxoglutaramate did not change (Table 1 ). These data indicate that glutamine transaminase is not able to utilize glutamate as a substrate.
Glutamine transaminase was assayed with different 2-0x0-acids as substrates (Table 2) : the highest activity was found with glyoxylate followed by pyruvate.
We also found conditions for the coupled activity of glutamine transaminase a n d w-amidase, measuring the glyoxylate-dependent release o f a m m o n i u m from glutamine. This activity corresponds to about 50% of the activity found for glutamine transaminase (data n o t shown).
The stoichiometry o f o-amidase activity is shown in Table 3. In the complete assay, the amounts of ammonium and 2-oxoglutarate formed were similar and in the absence of 2-0xoglutararnate~ neither ammonium nor 2-oxoglutarate were detected. The reaction was inhibited by DON but AOA did not have any effect on activity (Table 3) .
Glutamine transaminase regulation was studied to analyse the participation of this enzyme in the degradation of glutamine and in the synthesis of some amino acids. We found that glutamine transaminase activity was similar during different growth stages (data not shown 
GI uta m i nase
In the stoichiometry of glutaminase activity in the complete assay, the amount of glutamine that disappeared (40 pmol) was similar to the amount of ammonium (4.6 pmol) and glutamate (5.0 pmol) formed, and the reaction was dependent on the substrate glutamine and the cell extract (data not shown).
Glutaminase activity was studied by examining the influence of nutritional conditions and of culture growth. This activity was markedly affected by the growth stage. Activity was high after 8 h of growth (Fig. l) , diminished after 12 h of growth, except on media containing glutamine, glutamine plus succinate or glutamate plus succinate (data not shown), and was low after 24 h of growth (Fig. 2) . After 24 h of growth, glutaminase activity was high only under conditions where glutamine was nitrogen and carbon source and on glutamine plus succinate (Fig. 2) .
When R. etli was grown on amino acids such as asparagine or aspartate or glutamate, with or without succinate, glutaminase activities were lower after 24 h of growth than when glutamine was present in the growth medium. Glutaminase activity was lower on glutamine plus another carbon source than when the latter was absent, and was higher on glutamine plus succinate than on glutamine plus glycerol or glutamine plus glucose. Glutaminase activity on glutamine plus succinate or glutamate plus succinate was reduced by the presence of ammonium. Glutaminase activity was low when R. etli was grown on an inorganic nitrogen source such as ammonium or nitrate in a rich medium such as PY (Figs 1 and 2 ).
When R. etli was grown for 12 h on glutamine as nitrogen and carbon source, it excreted higher amounts of ammonium (0.7 mM) than when it was grown on glutamine plus succinate (0.06 mM). Since glutamine transaminase and glutaminase activities were similar under these conditions, we measured GS that could be participating in the assimilation of ammonium liberated from glutamine when R. etli was grown on glutamine plus succinate. GSI activity was twofold higher on glutamine plus succinate [23 nmol min-' (mg protein)-'] than on glutamine as nitrogen and carbon source [12 nmol min-' (mg protein)-'], and GSII activity on glutamine plus succinate was twofold higher [44 nmol min-' (mg protein)-'] than GSI, whereas on glutamine as nitrogen and carbon source it was not detectable. We measured ammonium excretion on glutamine plus succinate plus MS, an inhibitor of GS (Ronzio & Meister, 1968) , and found that R. etli excreted sixfold more ammonium than on glutamine plus succinate (0.37 mM). These results indicate that when R. etli grows on glutamine plus succinate, the ammonium liberated from glutamine is assimilated by GS, thus leading to the operation of a glutamine cycle.
Glutamine transaminase, cu-amidase and glutaminase activities of bacteroids from R. etli
To analyse the role of glutamine-degrading enzymes in bacteroids, R. etli bacteroids were isolated utilizing a selfgenerating Percoll gradient (Reibach et al., 1981) 
DISCUSSION
Glutamine transaminase
In this study we have demonstrated the presence of transaminase activity between glutamine and glyoxylate in R. etli that leads to the formation of glycine and 2-oxoglutaramate. Glutamine transaminase can use MS, a glutamine analogue and substrate of mammalian and N. crassa glutamine transaminases (Calderon e t al. , 1990 ; Griffith & Meister, 1978) . That this enzyme is different from glutamate transaminase is shown by the fact that specific transaminase activity assayed in the presence of glutamate and glutamine corresponds to the sum of the activities assayed separately (Table 1) . Under glutamine transaminase assay conditions, co-amidase is not active since the amount of 2-oxoglutaramate formed was similar in the absence or presence of D O N and was also similar to the formation of glycine. Nevertheless, we found conditions under which the coupled activity of glutamine transaminase and co-amidase (data not shown), and the activity of co-amidase (Table 3 ) could be measured. Glutamine transaminase uses the 2-oxo-acids glyoxylate and pyruvate as substrates preferentially. The specificity of R. etli glutamine transaminase for different oxo-acids suggests the presence of only one glutamine transaminase with a specificity similar to that found for the mammalian L-form glutamine transaminase (Cooper & Meister, 1981) . Glutamine transaminase activity was similar during the different growth stages and under different nutritional conditions, except when a rich medium of PY was used when this activity was low. Although glutamine transaminase is reversible, the presence of co-amidase activity ensures that the reaction proceeds far in the direction of glutamine utilization. Results obtained suggest that the R. etli glutamine transaminase may play a role in the irreversible synthesis of glycine, alanine and other amino acids, and the transamination of these amino acids may contribute to the synthesis of other amino acids to preserve amino acid balance and to prevent loss of essential carbon chains.
Glutaminase
We have also demonstrated the presence of glutaminase activity in R. etli. The growth stage and the nutritional conditions influence glutaminase activity. This activity was positively regulated by its substrate glutamine and negatively regulated by ammonium and by the carbon source, The high glutaminase activity found after 12 h of growth when R. etli was grown on glutamate plus succinate, may be explained as a result of the high level of glutamine synthesis since under these conditions, R. etli exhibits a high level of GS activity (Bravo & Mora, 1988) . The decrease in glutaminase activity after 24 h of growth on glutamate plus succinate may be the result of a corresponding reduction in GS activity (Bravo & Mora, 1988) . Our results suggest that glutaminase plays a catabolic role in the degradation of glutamine to carbon skeletons and may also play a role in maintaining the balance between glutamate and glutamine, the universal nitrogen donors of the cell. The high glutaminase activity found in bacteroids indicates that glutamine degradation by this enzyme may play an important role during the symbiosis between R. etli and Phaseoh vzllgaris.
The pattern of R. etli glutaminase activity during growth correlates with the activity of GSII (Bravo & Mora, 1988 ;  J. Calderon & L. M. Martinez, unpublished results) except when grown on glutamine as nitrogen and carbon source. These data suggest that glutamine is synthesized and degraded. The higher level of excretion of ammonium on glutamine plus succinate plus MS medium than on glutamine plus succinate medium, supports the fact that when R. etli is grown on glutamine plus succinate, the ammonium liberated from glutamine is assimilated by GS, thus leading to the operation of a glutamine cycle that consumes ATP. When grown on glutamine as carbon source, the glutamine cycle operates at a lower rate, thus allowing the use of glutamine as carbon source for growth.
Several functions have been proposed for the glutamine cycle (Calderon e t al., 1989; Calderon & Mora, 1985; Katz & Rognstad, 1976; Mora, 1990) : (a) a contribution to the irreversibility of glutamine transamination; (b) a way to rapidly regulate the intracellular glutamine concentration and thus quickly control the rate of synthesis and degradation of cellular nitrogen (since glutamine acts as a co-repressor of nitrogen catabolism); (c) a general way to take up or liberate the carbon skeletons of organic nitrogen metabolites ; (d) the turnover of glutamine to glutamate and other amino acids is a way of maintaining the optimal balance among the nitrogenous compounds; (e) for energy dissipation; and (f) to expend energy to induce carbon flow and generate more energy.
